The atmospheric concentration of CO 2 will probably rise to about 700 µmol mol -1 by the end of this century. The effects of elevated growth CO 2 on photosynthesis are still not fully understood. Effects of elevated growth CO 2 on the capacity for photosynthesis of a single leaf and a whole plant were investigated with the radish cultivar White Cherish. The plants were grown under ambient (∼400 µmol mol -1 ) or elevated CO 2 (∼750 µmol mol -1 ). The rates of net photosynthesis per leaf area with a whole plant and a single leaf of plants of various ages (15-26 d after planting) were measured under ambient and elevated CO 2 . The rates of photosynthesis were increased by 20-28% by elevated CO 2 . There was no effect of elevated growth CO 2 on the rate of photosynthesis, clearly indicating no downward acclimation of photosynthesis to elevated CO 2 . Elevated CO 2 increased dry weight accumulation by >27%. The effect of elevated CO 2 on other growth characteristics will also be shown.
Introduction
The atmospheric concentration of CO 2 will probably rise from its present level of about 380 µmol mol -1 to about 700 µmol mol -1 by the end of this century (Watson et al. 1990 ). Research in the last few decades has demonstrated that atmospheric CO 2 enrichment tends to cause significant increases in the growth rates and yields of most agricultural species (see, for example, Kimball 1983 , Kimball et al. 2002 , Long et al. 2004 . The contribution of photosynthesis to this increase, however, is unclear (for a detailed discussion, see Usuda 2004a and references therein). The CO 2 concentration of 380 µmol mol -1 imposes a limit to photosynthesis of C 3 plants (see, for example, Bowes 1991 , Long and Drake 1992 , Long et al. 2004 . Elevation of the concentration of CO 2 , therefore, is expected to increase the net rate of the photosynthetic uptake of CO 2 in C 3 plants. Many studies, however, have shown that short-term gain may be offset, in the longer term, by a downregulation of photosynthetic capacity. There are two mechanisms for the down-regulation of photosynthesis by elevated CO 2 , which are not necessarily mutually exclusive. One is the down-regulation of the expression of the photosynthetic genes caused by over-accumulated sugars in source leaves (see Sheen 1990 , Stitt 1991 , Koch 1996 , Long et al. 2004 . This is found even with young fully expanded leaves. Here this is taken as a downward acclimation of photosynthesis to elevated CO 2 . The other is the acceleration of ontogeny and early initiation of senescence. In this case, there is no downward acclimation of photosynthesis to elevated CO 2 with leaves of a similar developmental stage (Miller et al. 1997 , Usuda and Shimogawara 1998 , Kauder et al. 2000 , Ludewig and Sonnewald 2000 .
As the radish cultivar White Cherish has a large storage root, there was no downward acclimation of photosynthesis to elevated CO 2 nor over-accumulation of sugars by elevated CO 2 with a young fully expanded leaf grown under moderate light intensity (Usuda and Shimogawara 1998) . Over-accumulation of sugar in leaves grown under elevated CO 2 seemed to be highly related to the sink capacity, which is highly related to the capacity for utilization of photosynthate. The large storage root in White Cherish seemed to play the role of a strong sink even from early stages of development.
The rate of photosynthesis is highly dependent on the developmental stages of leaves, and the response to CO 2 varies with the stage of development of leaves (e.g. Nie et al. 1995 , Pearson and Brooks 1995 , Usuda and Shimogawara 1998 , Long et al. 2004 . It is important to consider the effect of elevated CO 2 on the rate of photosynthesis during development. I investigated in detail the effect of elevated CO 2 on Chl fluorescence and the maximum photosynthetic rate simultaneously during development using White Cherish and another cultivar of radish, Kosena, with a small storage root and vigorously growing shoot (Usuda 2004a) . The elevated CO 2 accelerated ontogeny and caused a slightly earlier decline in the capacity for photosynthesis. The capacity for carbon metabolism and the photochemical capacity decreased coordinately with advancing age accompanied by the decline of photosynthetic activity under both ambient and elevated CO 2 .
Whole plants consisted of leaves of various developmental stages having different capacities for photosynthesis. Previ-ously the system to monitor the CO 2 exchange with whole plants was developed (Usuda 2004b) . I preliminarily compared the effect of elevated CO 2 on the rate of photosynthesis per leaf area using whole plants with that with the first leaf using the results obtained from different series of experiment with Kosena. Elevated CO 2 increased the rates of photosynthesis with whole plants and the first leaf by 9-20 and 46%, respectively (Usuda 2004b) . However, the conditions used for whole plant and the first leaf differed significantly in terms of ambient CO 2 concentration and light quality. Ambient CO 2 concentrations of 390 and 350 µmol mol -1 were used for whole plants and the first leaf, respectively. White light provided by fluorescent lamps and a metal-halide lamp was used for the whole plant, and red and blue light provided by a lightemitting diode was used for the first leaf. So this preliminary comparison was not satisfactory. The purpose of this study was the direct comparison of the effect of elevated CO 2 on the rate of photosynthesis with both whole plants and single leaves under similar conditions using White Cherish. The rates of photosynthesis were measured under both ambient (∼400 µmol mol -1 ) and elevated (∼750 µmol mol -1 ) CO 2 with ambient (∼400 µmol mol -1 ) and elevated (∼750 µmol mol -1 ) CO 2 -grown plants.
The effect of elevated CO 2 on the growth characteristics was also investigated. The effects of elevated CO 2 were investigated under two different light conditions having the same photoperiod. The total dosage of light received by plants was increased approximately 65% in the high light (HL) condition compared with the medium light (ML) condition to understand the impact of increased source capacity on the effect of elevated CO 2 on the rate of photosynthesis and growth. Namely, four different growth conditions were employed in this study. The growth conditions of ambient CO 2 and high dosage of light, elevated CO 2 and high dosage of light, ambient CO 2 and medium dosage of light, and elevated CO 2 and medium dosage of light are referred to as ACHL, ECHL, ACML and ECML, respectively, here (see Materials and Methods for details).
Results
The effect of elevated CO 2 on the growth of radish Elevated CO 2 accelerated the increase in total DW of the whole plant during the growth from 15 to 26 days after planting (DAP) (Fig. 1) . At 21-26 DAP, plants became a reasonable size for harvest. The analysis done here should have a practical application. Elevated CO 2 increased total DW by 27% (P < 0.05) and 83% (P < 0.01) at 21 DAP under HL and ML conditions, respectively. At 26 DAP, elevated CO 2 increased DW by 48% (P < 0.05) under ML conditions. Elevated CO 2 increased leaf area (LA) to some extent (Fig. 2 ). Elevated CO 2 had no effect on LA at 21 DAP under the HL condition and at 26 DAP under the ML condition. Elevated CO 2 increased LA at 21 DAP under the ML condition by 43% (P < 0.01). Table 1 shows the relative growth rate (RGR), net assimilation rate (NAR), leaf area ratio (LAR), leaf weight ratio (LWR) and specific leaf area (SLA) of the plants grown under ACHL, ECHL. ACML and ECML during 15-17, 17-19 and 19-21 DAP. RGR decreased during 15-21 DAP. It was not significantly affected by elevated CO 2 . RGR decreased with increasing DW of the plants ( Fig. 1 and Table 1 ). NAR increased slightly from 15 to 21 DAP. Elevated CO 2 increased NAR under the HL condition but had no effect on it under the ML condition. LAR was decreased by elevated CO 2 . LWR decreased during 15-21 DAP. It was not affected by elevated CO 2 under the HL condition. Under the ML condition, a (17) (18) (19) 35.6 ± 1.9 29.7 ± 0.6 0.83 *** 37.6 ± 0.9 36.4 ± 0.7 0.97 ** SLA (19) (20) (21) 34.7 ± 1.1 28.4 ± 0.8 0.82 *** 36.4 ± 2.0 35.9 ± 0.5 0.99 NS Fig. 3 Typical result of CO 2 exchange with a whole plant. The plant was grown under ambient CO 2 , and the rate of CO 2 exchange was measured under ambient (until the end of A) and elevated CO 2 (B). The rate was also measured with a plant without leaves under elevated (C) and ambient (D) CO 2 . Light intensity was increased three-step wise. The CO 2 concentrations of the inlet air (absolute) and the differences between the inlet and the outlet air are shown. e Numbers indicate significant differences among treatments according to Tukey-Kramer's multiple comparison test (P < 0.05). *The enhancement of the rate of photosynthesis by elevated CO 2 with the same material was significant according to Student's t-test (P < 0.01). 24.7 ± 1.2* 19.6 ± 1.5 126.1 ± 5.7 decrease in CO 2 concentration resulted in a higher value of LWR. SLA was mostly decreased by elevated CO 2 (Table 1 ).
Growth condition
The effect of elevated growth CO 2 on the rate of photosynthesis with a whole plant and a single leaf The rate of photosynthesis in terms of leaf area with a whole plant and a single leaf grown under ambient or elevated CO 2 was measured under ambient and elevated CO 2 using plants of various ages. A typical result is shown in Fig. 3 . The rate of CO 2 exchange with a whole plant (periods A and B in Fig. 3 ) and the rate in a plant without leaves (periods C and D in Fig. 3) was measured under two different CO 2 conditions. Thus, the rate of net photosynthesis by whole leaves of a plant grown under ambient or elevated CO 2 in terms of LA was obtained under ambient and elevated CO 2 . There was no effect of elevated growth CO 2 on the rate of photosynthesis with either whole plant or a single leaf nor on the degree of enhancement of the rate of photosynthesis by elevated CO 2 with plants grown under the two different light conditions (Table 2) . These results clearly indicate that with White Cherish there is no downward acclimation of photosynthesis to elevated CO 2 with whole plants and also at the single leaf level even under the HL condition where higher source capacity was exhibited.
Discussion
The effect of elevated CO 2 on the growth of radish Elevated CO 2 increased total DW by 27% (P < 0.05) and 83% (P < 0.01) at 21 DAP under HL and ML conditions, respectively. At 26 DAP, elevated CO 2 increased the DW by 48% (P < 0.05) under ML conditions. The effect of elevated CO 2 on the increase in DW decreased with increasing total light dosage per day. This is due to the differences in the effect of elevated CO 2 on LA. Elevated CO 2 had no effect on LA at 21 DAP under the HL condition but increased LA at 21 DAP under the ML condition by 43% (P < 0.01). Namely the increase in DW in HL by elevated CO 2 was due to the increase in the rate of photosynthesis (Table 2 ). In ML, an increase in LA by elevated CO 2 also had a positive effect on the DW increase. The effect of elevated CO 2 on LA under the ML condition decreased gradually and finally disappeared at 26 DAP. In White Cherish, there seemed to be an upper limit of leaf growth, which was attained under ACHL, ECHL and ECML conditions at 21 DAP. Even with the ACML condition, LA seemed to reach its maximum level at 26 DAP. The rate of increase in DW and LA in this study was considerably higher than those reported previously (Usuda and Shimogawara 1998) . It might be due to different culture conditions. Hydroponic culture and a relatively HL condition were employed in this study, indicating that source capacity is higher in this study than that in the previous study. Soil culture was applied in the previous study. Kimball (1983) analyzed the effect of elevated CO 2 (elevated by approximately 300 µmol mol -1 ) on productivity in a number of species and showed a 30% increase on average productivity by elevated CO 2 . The values of 27 and 83% obtained in this study were within the reported values.
The effect of elevated CO 2 on LA is important, because the contribution of LA for biomass increase is significant. However, the effect of elevated CO 2 on LA differed greatly among species (see, for example, Usuda 2004b). With Kosena, elevated CO 2 increased LA from 993 ± 23 to 1423 ± 309 cm 2 by 43% at 21 DAP under the HL condition (Usuda 2004b ) (see Fig. 2 for comparison) . From the meta-analysis of studies of the free-air CO 2 enrichment (FACE), there was an 11% increase of peak LA index (Kimball et al. 2002) or almost no increase in LA index (Long et al. 2004 ). The effect of elevated CO 2 on LA might be different between a closed canopy such as a FACE study and a stand with small number of plants such as this study. The elucidation of the effect of elevated CO 2 on LA should be determined individually.
DW accumulation was increased considerably by increasing the light dosage during growth (Fig. 1) . However, the values of RGR in the HL condition were lower than those in the ML condition (Table 1) . RGR decreased during 15-21 DAP with increasing DW of the plants ( Fig. 1 and Table 1 ). The lower value of RGR under the HL condition compared with the ML condition might be due to the initial rapid growth resulting in heavier DW at the beginning of growth analysis under the HL condition. RGR was mostly not significantly affected by elevated CO 2 . An RGR of 0.22 and 0.33 g g -1 day -1 (Table 1 ) was within the range of the reported values of 0.1-0.3 g g -1 day -1 in herbaceous plants grown in growth rooms with optimum nutrient supply (Lambers et al. 1990 ). In other species, positive and negative effects and even the absence of an effect of elevated CO 2 on the RGR have been reported (Wulef and Strain 1982 , Poorter et al. 1988 , Musgrave and Strain 1988 , Atkin et al. 1999 , Makino et al. 2000 , Usuda 2004b ). Generally speaking, elevated CO 2 increased the RGR during the initial growth stage, but thereafter it had no effect or a rather suppressive effect on the RGR (see, for example, Poorter et al. 1988 ).
An NAR of 11-21 g m -2 day -1 obtained in this study was within the range of the reported values of 7-20 g m -2 day -1 in C 3 plants grown under optimum nitrogen and moderate to high light intensity (Lambers et al. 1990 ). The NAR increased slightly from 15 to 21 DAP. Elevated CO 2 increased the NAR under HL conditions but had no effect on it under ML conditions. A positive effect and absence of the effect of elevated CO 2 on NAR have been reported previously (Wulef and Strain 1982 , Porter and Grodzinski 1984 , Musgrave and Strain 1988 , Patterson et al. 1988 , Poorter et al. 1988 , Atkin et al. 1999 , Makino et al. 2000 , Usuda 2004b ). NAR, however, was usually stimulated by elevated CO 2 treatments at the beginning of growth, and not thereafter (see, for example, Poorter et al.
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An LAR of 10.2-26.8 m 2 kg -1 was obtained in this study. The values of LAR vary widely with the species and the environmental condition (Lambers et al. 1990 ). It was decreased by elevated CO 2 in this study similar to previous findings including using the Kosena cultivar (Ford and Thorne 1967 , Jolliffe and Ehret 1985 , Makino et al. 2000 , Usuda 2004b ).
The LWR of approximately 0.36-0.66 g g -1 obtained in this study was within the values of 0.3-0.8 g g -1 observed in plants grown at optimum nitrogen supply and moderate to high light intensity (Lambers et al. 1990 ). The LWR decreased during 15-21 DAP. It was not affected by elevated CO 2 under HL conditions. The LWR was not influenced by elevated CO 2 for Kosena (Usuda 2004b) and Acasia species in a study by Atkin et al. (1999) . The LWR was slightly increased by elevated CO 2 in bush bean (Jolliffe and Ehret 1985) , cotton (Patterson et al. 1988) and Plantago major (Poorter et al. 1988 ). The relatively lower LWR value of White Cherish was due to a large storage root and limited leaf growth. Under ML conditions, a decrease in CO 2 concentration resulted in a higher value of LWR until 21 DAP. Under ACML, the rate of initiation and expansion of the leaf did not reach its maximum level, therefore the utilization of photosynthate by the developing shoot might not be saturated. Under other conditions, the rate of utilization was saturated because the expansion of the leaf reached its maximum level. The excess photosynthate might be partitioned to the storage root. These might be the reasons why elevated CO 2 decreased LWR under ML conditions. The impact of elevated CO 2 on initiation and expansion of the leaf was different in Kosena and White Cherish. The effect of elevated CO 2 on LWR should be dependent on species and cultivars.
The SLA values of 28-42 m 2 kg -1 observed in this study were within the range of the values of 10-50 m 2 kg -1 reported for the plants grown under optimum nitrogen supply and moderate to high light intensity (Lambers et al. 1990 ). SLA was mostly decreased by elevated CO 2 (Table 1 ) similar to the previous findings including Kosena (Ford and Thorne 1967 , Porter and Grodzinski 1984 , Hrubec et al. 1985 , Jolliffe and Ehret 1985 , Patterson et al. 1988 , Ziska and Teramura 1992 , Rufty et al. 1994 , Usuda 2004b ). An increase in light intensity also decreased the SLA (Table 1) . Both increased leaf thickness and increased dry matter content resulted in a lower SLA. The mechanisms responsible for the lower SLA under elevated CO 2 and/or HL conditionss, which is an interesting phenomenon, should be clarified in the future.
All the above results indicated that plants grown under ECHL had a similar LA, a heavier DW and a similar LWR to those grown under ACHL. It means that the absolute DW of storage root, stem and fibrous root of plants grown under elevated CO 2 was heavier than those grown under ambient CO 2 . Actually, the DWs of the storage root of plants grown under ECHL and ACHL at 21 DAP were 3.75 ± 0.52 and 2.67 ± 0.53 g (n = 8), respectively. These results indicated that the sink capacity of plants grown under ECHL was higher than that of those grown under ACHL.
The effect of elevated growth CO 2 on the rate of photosynthesis with a whole plant and a single leaf Previously, changes in the rate of photosynthesis with the first leaf of White Cherish grown under ambient and elevated CO 2 were investigated thoroughly during development. The elevated CO 2 accelerated ontogeny and caused a slightly earlier decline in the capacity for photosynthesis but had no effect on the highest rate of photosynthesis during development (Usuda 2004a) . In this study, the rate of photosynthesis with a whole plant and a single leaf grown under ambient or elevated CO 2 was measured under ambient and elevated CO 2 using plants of various ages to confirm the occurrence of downward acclimation of photosynthesis to elevated CO 2 with both whole plants and a single leaf. The degree of enhancement by elevated CO 2 of 23-25% with a single leaf was similar to that of 20-28% with a whole plant. The effect of elevated CO 2 on the rate of photosynthesis was slightly higher under ML compared with that under HL ( Table 2 ). The mechanisms for this difference are not clear at present.
All the results clearly indicate that there was no effect of elevated growth CO 2 on the rate of photosynthesis, on either the level or the degree of enhancement of the rate of photosynthesis by elevated CO 2 even under the HL condition (Table  2) . Therefore, I conclude that with White Cherish, there is no downward acclimation of photosynthesis to elevated CO 2 with whole plants and also single leaves.
One of the reasons for the downward acclimation of photosynthesis to elevated CO 2 was the over-accumulation of sugars in source leaves by excess source capacity. With White Cherish, the rate of growth under the ECHL condition seems to be close to its maximum level, because occasionally the breakage of the storage root was observed 25 DAP. The NAR of 19-21 g m -2 d -1 under the ECHL condition was one of the highest values reported (see above). All these findings suggest that the source capacity was quite high under the ECHL condition used in this experiment. Even under this HL condition, downward acclimation was not found. Previously we showed no overaccumulation of sugars by elevated CO 2 with a young fully expanded leaf grown under ML (Usuda and Shimogawara 1998) . I also indicated that elevated CO 2 had no effect on the initial slope in the curve of the rate of photosynthesis versus the intercellular CO 2 concentration with the first leaf of White Cherish grown under HL conditions, suggesting that there was no effect of elevated CO 2 on the activity of ribulose-1,5-bisphosphate carboxylase in situ. Elevated CO 2 also had essentially no effect on Chl fluorescence with the first leaf (Usuda 2004a) . No downward acclimation of photosynthesis to elevated CO 2 with a whole plant consisting of various leaves found in this study might be due to the same mechanism mentioned above.
It was emphasized that the downward acclimation of photosynthesis to elevated CO 2 is highly dependent on the position of the leaf in the canopy and its developmental stage (Long et al. 2004 , see also Introduction). There was no downward acclimation of photosynthesis to elevated CO 2 with sun leaves or upper canopy leaves, but only with older shaded leaves (Long et al. 2004) . Elevated CO 2 accelerated plant ontogeny and brought about early initiation of senescence (see Introduction). The older leaves grown under elevated CO 2 actually showed down-regulation of photosynthesis due to acceleration of senescence even with White Cherish (see Fig. 2 in Usuda 2004a). However, the contribution of photosynthesis of older leaves to photosynthesis by the whole plant seemed to be very small.
The rates of photosynthesis per LA with a whole plant grown under elevated CO 2 and measured under elevated CO 2 were 18 and 25% higher than that with plants grown under ambient CO 2 and measured under ambient CO 2 under HL and ML, respectively (Table 2 ). This value could not be directly compared with the following results from the study of FACE, but it seemed to be consistent with the results of FACE. In this study, conducted in Tokyo, the ambient CO 2 concentration was already approximately 400 µmol mol -1 which was slightly higher than those in the FACE studies. The increase in CO 2 concentration from 550 µmol mol -1 (usually used for the elevated CO 2 in FACE studies) to 750 µmol mol -1 (used for elevated CO 2 in this study) resulted in about a 10% increase in the rate of photosynthesis per LA under the experimental condition with White Cherish grown under ambient or elevated CO 2 (data not shown). Meta-analysis of FACE studies revealed that CO 2 enrichment (about 200 µmol mol -1 higher than the atmospheric concentration) increased the rate of light-saturated canopy photosynthesis by 34% (Long et al. 2004) and that for upper leaves the enrichment induced a 25-45% increase in the rate of photosynthesis (Kimball et al. 2002) . The enrichment increased the rate of wheat canopy photosynthesis by about 19% (Brooks et al. 2001) .
The rates of net photosynthesis with a single leaf were considerably lower than those with a whole plant ( Table 2 ). The reason is not clear at present, but it might be partially due to a slight decrease in light intensity due to the transparent film of a leaf chamber of LI-6400 (LI-COR, Lincoln, NE, USA) (approximately 15%, data not shown) and a slight shading of the light provided from the walls of the growth chamber by a leaf chamber. Actually light was provided from the top and three out of four sides.
Elevated CO 2 increased NAR by 12-15% (statistically significant) and -4 to 5% (statistically not significant) with plants grown under HL and ML conditions, respectively (Table  1) . Under the HL condition, both NAR and the rate of net photosynthesis were increased by elevated CO 2 . However, under ML conditions, elevated CO 2 increased the rate of photosynthesis but not NAR. The reasons for this discrepancy are not clear at present. NAR is not equal to net photosynthetic rate in the light but nearly equal to the net production for the total period including the night time. The contribution of respiration was significant to NAR. Under ML conditions, elevated CO 2 lowered the LWR, i.e. a higher proportion of non-photosynthetic organ under elevated CO 2 might decrease the NAR. This might be a possible reason for the discrepancy.
Elevated CO 2 does increase the biomass and the rate of photosynthesis with White Cherish. However, the effect of elevated CO 2 with White Cherish was not identical to that in Kosena, because the effect of elevated CO 2 on LA was relatively small in the former. The effect of elevated CO 2 on biomass and photosynthesis is highly dependent on species, cultivars, light conditions, growth stage, and so on. Therefore, to elucidate its effect in a certain species, detailed particular studies are indispensable.
Materials and Methods

Plant material and growth conditions
Seeds of radish, Raphanus sativus L. cv White Cherish were obtained from Sakata Seed Co. (Yokohama, Japan). Seeds were incubated on moist filter paper in darkness for 3 d at 25 ± 1°C and the seedlings were transferred to hydroponic culture (for the composition of culture medium, see Usuda et al. 1999) . They were grown under a 14.5 h light/9.5 h dark cycle with a day/night temperature of 25 ± 1/21 ± 1°C in a walk-in type controlled growth room (Akitsu-keisoku, Tokyo, Japan). Two different light conditions were employed. Under the HL condition, a weak light intensity of 115 µmol photon m -2 s -1
and a high light intensity of 550 µmol photon m -2 s -1 at plant height were provided during 0-2 and 12.5-14.5 h, and 2-12.5 h of the light period, respectively. Under the ML condition, the weak light and the high light intensities were provided during 0-4.5 and 10-14.5 h, and 4.5-10.5 of the light period, respectively. The durations of highest light intensity of 550 µmol photon m -2 s -1 were 10.5 and 5.5 h a day in the HL and ML conditions, respectively. The total light dosage given per day in the ML conditions was 61% of that under HL conditions. Light was provided from fluorescent lamps (FPR96EX, Matsushita Electric, Osaka, Japan) during the whole light period, and metal-halide lamps (MLBOC400C-U, Mitsubishi Electric, Tokyo, Japan) were added during the second light period. The concentration of CO 2 in the room was monitored with a CO 2 controller (ZFP 9; Fuji Electric Co., Tokyo, Japan) and maintained at 390 ± 20 (ambient CO 2 ) or 750 ± 20 µmol mol -1 (elevated CO 2 ) by injection of CO 2 or CO 2 -free air.
For growth analysis, plants were grown in the growth room until 15 DAP. At 15 DAP, eight relatively uniformly growing plants were selected from 18 plants. Four of these plants were harvested and four were held in the container with about 3.5 liters of aerated (100 ml min -1 ) culture solution. The plants were grown in a growth chamber (Eyelatron FLI-301NH, Tokyo-Rikakiki, Tokyo, Japan) with a 14.5 h light/ 9.5 h dark cycle. Two different light conditions were employed. Under HL conditions, low light intensity of 46 µmol photon m -2 s -1 , weak light intensity of 130 µmol photon m -2 s -1 and high light intensity of 570 µmol photon m -2 s -1 at plant height were provided during 0-1 and 13.5-14.5 h, 1-2 and 12.5-13.5 h, and 2-12.5 h of the light period, respectively. Under ML conditions, the low light, the weak light and the high light intensities were provided during 0-2 and 12.5-14.5 h, 2-4.5 and 10-12.5 h, and 4.5-10 h of the light period, respectively. The durations of highest light intensity of 570 µmol photon m -2 s -1 were 10.5 and 5.5 h a day in the HL and ML conditions. The total light dosage given per day in the ML condition was 63% of that under HL con-ditions. The temperatures were 20 ± 0.5, 23 ± 0.5, 24 ± 0.5 and 25 ± 0.5°C during the dark period, the first and fifth, the second and fourth, and the third light period, respectively. Humidity was kept at 60 ± 10%. Light was provided from fluorescent lamps (Neolumi-super FL40S·W Mitubishi Electric, Tokyo, Japan) during the whole light period, and a metal-halide lamp (MT400DL/BUD Iwasaki Electric, Tokyo, Japan) was added during the highest intensity of the light period. Air containing 392 ± 14 (ambient) or 740 ± 19 µmol mol -1 CO 2 (elevated) was passed through the growth chamber at a flow rate of 70 or 90 liter min -1 (see Usuda 2004b for details). These were the growth conditions for ACHL, ECHL, ACML and ECML.
Growth analysis for the plants grown under ambient and elevated CO 2 At 15, 17 and 19 and 21 DAP, four, one, one and two plant(s) were harvested, respectively. These experiments were carried out in quadruplicate. After harvest, the plants were separated into leaves without a midrib, midrib plus stem, fibrous roots and storage roots. The LA of each leaf without a midrib was determined with a leaf area meter (AM100, Analytical Development Company, Hoddesdon, UK). The DW of each leaf without a midrib, all midribs plus stem, fibrous roots and storage root were determined after drying at 80°C for at least 2 weeks. At 17 and 19 DAP, the total FW of non-harvested plants was measured. The FW of storage root plus fibrous root of the non-harvested plants was estimated by measuring the volume of the water excluded by the storage and fibrous root using a measuring cylinder and assuming that the density of storage and fibrous root is 1.0 g ml -1 . The relationships between shoot FW and LA, shoot FW and shoot DW, shoot FW and leaf DW, and root FW and root DW were significantly high, with an R 2 of >0.98 (n = 32) under each of the four different growth conditions of ACHL, ECHL, ACML and ECML. These were similar to the relationship obtained previously with Kosena (Usuda 2004b 
where W 1 and W 2 are the total DW of plant at t 1 and t 2 , respectively, L 1 and L 2 are the total LA at t 1 and t 2 , respectively, and LW 1 and LW 2 are total DW of leaves at t 1 and t 2 , respectively. There were the following relationships among these parameters: RGR = NAR×LAR; and LAR = LWR×SLA. The determinations of DW and LA at 26 DAP under ECML and ACML conditions were done separately with plants (n = 8) grown entirely in the growth room until 26 DAP as described above.
Measurement of the rate of photosynthesis with a whole plant and a single leaf under ambient and elevated CO 2 Plants were grown in the growth room until the day before the experiment. A plant was transferred to an acrylic chamber (W = 36, D = 44 and H = 70 cm) set in the growth chamber. The rates of CO 2 exchange in whole plants were measured continuously with an open system using an infrared gas analyzer as described previously (Usuda 2004b) . Briefly, the flow rate was 30-40 liter min -1 . The CO 2 concentration in the inlet air and the differences in the concentration of CO 2 between the inlet and the outlet air were monitored with an infrared gas analyzer having two channels, one for the absolute mode and another for the differential mode (MLT3.2 Emerson Process Management, Hasselroth, Germany). Elevated CO 2 was supplied by adding pure CO 2 . The rate of CO 2 exchange with a whole plant was monitored for >18 h under ambient or elevated CO 2 (Fig. 3) . The concentration of CO 2 in the inlet air was increased or decreased (at the end of the period A shown in Fig. 3 ) and the rate of CO 2 exchange was monitored to get the steady rate of CO 2 exchange under the new condition (period B shown in Fig. 3) . The chamber was opened, the leaves were harvested and LA was measured as described above. The rate of CO 2 exchange of a plant without leaves was measured under two different concentrations of CO 2 to correct the rate of CO 2 exchange other than for leaves under light (period C and D shown in Fig. 3) . Thus, the rate of CO 2 exchange by whole leaves of a plant grown under ambient or elevated CO 2 in terms of LA was obtained under ambient and elevated CO 2 . For the rate of photosynthesis with a single leaf, the measurement was done after obtaining the rate of CO 2 exchange with a whole plant (period A shown in Fig. 3 ) in the acrylic chamber under similar conditions in terms of light quality, light intensity and concentration of CO 2 using LI-6400 with a transparent leaf chamber. Thus the effect of elevated growth CO 2 on the rate of photosynthesis under ambient and elevated CO 2 with a whole plant and a single leaf was evaluated under similar conditions. Whole plants of 15-26 days old and various leaves of various plants of 17-27 days old were used for whole plant photosynthesis and single leaf photosynthesis, respectively. The CO 2 concentrations of the inlet air of elevated and ambient CO 2 for measurements of photosynthesis for a whole plant were 799 ± 17 and 406 ± 12 µmol mol -1 CO 2 , respectively. Those for measurements for single leaf photosynthesis were 750 and 405 µmol mol -1 CO 2 , respectively. The rate of photosynthesis under 800 µmol mol -1 CO 2 was 102% of that under 750 µmol mol -1 CO 2 . Therefore, the rates of photosynthesis under 750 and 800 µmol mol -1 CO 2 were almost identical. The light intensities for whole plant and single leaf photosynthesis were approximately 570 and 500 µmol photon m -2 s -1 , respectively.
For the data analyses of all the results, t-tests or multiple comparison of Tukey-Kramer's method were done.
